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Introduction 50 To prevent contamination, infection or foodborne disease in the clinical or food producing sector, 51 antimicrobial, detergents and biocides are used to inactivate or eradicate microorganisms (1, 2) . Most 52 guidelines for biocides include testing of efficiency on planktonic pure cultures of microorganisms but little 53 is known about the efficacy on microbial biofilms (3). Moreover, most microorganisms live in complex 54 biofilms (4) composed of multiple species (5, 6) . In biofilms, microorganisms can cooperate (7) and protect 55 themselves from adverse environmental conditions. Thus, several studies have reported that sessile cells can 56 be up to 1,000 fold more resistant than cells in a planktonic state (8) (9) (10) . 57 Biofilm formation and resistance to biocide treatment have been studied and recognized as important 58 factors that contribute to the survival and persistence of microbial contamination in drinking water (11) and 59 in oral hygiene (12, 13) . The food processing environment is also believed to provide conditions for biofilm 60 development including polymicrobial biofilms. Although many studies have focused on mono-culture 61 systems, it is being recognized that biofilms are predominantly polymicrobial (14, 15) . The behavior of 62 microorganisms in a mixed biofilm differs from the behavior of a mono-species biofilm (16, 17) and for 63 instance resistance to antimicrobials can be increased in the mixed system (18) . The complete picture on 64 mechanisms involved in resistance has not been fully unraveled, but some of the reasons for biofilm 8 biofilm ( Fig. 3A) . At the same time, no associate microbial community member sessile cells were recovered 149 when the mixed-five-species biofilm was exposed to 0.15 % peracetic acid ( Fig. 3A) , meaning that less than 150 10 CFU/cm 2 were on the SSC if not all eradicated.
151
Treatment of a L. monocytogenes mono-biofilm with 0.0375 % peracetic acid caused a 3 log reduction of 152 the sessile cells (Fig. 3B) . The same treatment of the mixed-five-species biofilm led to a 2 log reduction of L. 153 monocytogenes sessile cells while the total sessile cells decreased by 3.7 log. When exposed to higher 
165
There was no impact of chlorhexidine digluconate treatment on L. monocytogenes for concentrations 166 below 0.0125 % (Fig. 4B ) whenever the pathogen was grown as a mono-biofilm or as part of a mixed-five-167 species biofilm. L. monocytogenes sessile cell counts remained steady in a mono-biofilm with 10 4 CFU/cm 2 168 when treated with concentration below 0.0125 % of chlorhexidine digluconate while it decreased from 1.6 x 169 10 3 CFU/cm 2 to 1.2 x 10 2 CFU/cm 2 in a mixed-five-species biofilm (Fig. 4B ). This 1.2 log reduction was 170 observed in the mono-biofilm when the sessile cells were exposed from 0.0125 % to 0.25 % chlorhexidine 171 digluconate. The concentration of the total sessile cells, being of 4 x 10 6 CFU/cm 2 , did not change when exposed to 0.00625 % and 0.0125 %, but decreased 1.3 log when exposed to 0.025 %. Concentrations higher 173 than 0.025 % were not investigated due to technical limitations, as the chlorhexidine digluconate precipitated.
175
The community rather the individual influences peracetic acid susceptibility. To determine if the 176 altered sensitivity to peracetic acid in a mixed species biofilm was due to the associate microbial community 177 or to the pathogen, we interchanged the pathogens and the communities. When S. aureus was grown with the 178 L. monocytogenes community members, on the SSC not treated with peracetic acid, the total sessile cells 179 count was 1.3 x 10 8 CFU/cm 2 and S. aureus sessile cells count was 2.5 x 10 4 CFU/cm 2 (Fig. 5A ). No cells 180 were recovered after treatment with 0.075% peracetic acid indicating that the total sessile cells decreased of 181 at least 6.3 log (p = 0.001) and the pathogen sessile cells decreased of at least 3.1 log (p < 0.001). When L. 182 monocytogenes was grown with the S. aureus community members, the overall biofilm production on SSC 183 did not change ( Fig. 3B and 5B ). Treatment with 0.075 % peracetic acid led to a reduction of the total sessile 184 cells by 3.4 log (p < 0.001) and to 1.9 log of the L. monocytogenes sessile cells ( Fig. 5B ). 197 In this study, we set up and studied two mixed-five-species biofilms containing a pathogenic bacterium.
198
The ability of some strains to form biofilm fluctuated with some dual-species showing better ability to form 199 biofilm than others depending on the strain association. Norwood et al. (48) have shown that Pseudomonas 200 fragi and S. xylosus were the predominant species in biofilm with L. monocytogenes, and they described, as 201 have other studies, that some microorganisms can take over in mixed-species biofilms. However, no strains 202 were inhibited in our study. Both in the dual-species and the mixed-five-species biofilms, all strains remained 203 in the mature biofilm, including both pathogens. A previous study on mixed-biofilm composed of L. 204 monocytogenes and Enterococcus spp. found that growth at 25°C on stainless steel gave the highest biofilm 205 cell counts (44), supporting the temperature selection that was used in this present study. Furthermore, the 206 mixed-five-species biofilm model here was stable and reproducible; leading to a biofilm tool which can be 207 used to study the behavior of pathogen in mixed-biofilms and to unravel mechanisms involved in survival or 208 persistence towards antimicrobial compounds such as biocides.
209
L. monocytogenes is commonly described as non-/weak mono-layered biofilm producer (23, 49) but can 210 colonize and persist in mixed-species biofilms (23) as also found in the present study. Some authors have described that L. monocytogenes was inhibited in biofilms composed of several bacteria as compared to 212 mono-biofilm (40, 48, 50) , e. g. S. sciuri prevented L. monocytogenes from adhering and being part of a 213 biofilm (50). In contrast, the sessile cell counts of L. monocytogenes on stainless steel were similar in mono-214 and mixed-five-species biofilms in this study, which is in accordance with other studies (40, 46, 51) .
215
S. aureus, the other major pathogen selected is a renowned biofilm former (52), also in multispecies shown that microbial communities were distinct depending on the collecting point, as observed in this study.
226
Hence, it could be suggested that the microbial diversity in processing environments leading to the biofilm biofilm at this concentration which was the MIC determined for this pathogen. This corroborates that 245 biofilms can modify and increase biocide susceptibility response as suggested by some authors (8).
246
The mixed associate microbial communities, comSa or comLm, protected the pathogens during peracetic 247 acid treatment. Thus, a 1 log difference was obtained between sessile cell counts of L. monocytogenes in 248 mono-and mixed-five-species biofilms after biocide treatment. Using the same biocide, Van der Veen and 249 Abee (63) also observed that L. monocytogenes was more resistant to peracetic acid in mixed-biofilm with L. was less susceptible to peracetic acid exposure when the pathogen was part of a mixed-biofilm compared to 254 growth as a mono-species biofilm. 255 We investigated if the increase of pathogen survival in mixed-species biofilm was due to specific ability 256 of this pathogen in the associate microbial community or to the community itself. We interchanged the In conclusion, biofilms can vary due to the microbial diversity encountered in man-made environments.
276
This diversity is a key challenge to eradicate unwanted microorganisms. Further studies are required to 277 unravel the exact mechanisms leading to the protective role of the community using complex microbial 278 biofilm mimicking biofilms encountered in industry/clinical or natural environment as we attempted to set up 279 in this study. Therefore, by improving the knowledge on mixed-species biofilm behavior in the presence of 280 biocides, control of biofilm could be improving in any kind of sector.
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Materials and Methods
282
Bacterial strains and growth media and biocides. The strains of L. monocytogenes and S. aureus used 283 in this study have been isolated from Brazilian dairies (42, 43) ( Table 1) . Four of the associate microbial 284 community were also isolated as described below. They were isolated from the same sample as the 285 pathogenic bacterium to obtain two communities as encountered in the dairy: one containing L. 286 monocytogenes and one containing S. aureus (Table 1) .
287
Two isolates of S. aureus, BZ012 and Sa30, were used in this study. The isolate BZ012 was selected 288 representing the sequence type ST398 (43), a major possible health risk ST, and was used for dual-biofilm 289 and mixed-species biofilm setup experiments. The isolate Sa30 was chosen as it represented the major ST/CC 290 trend, ST30/CC1, found in the Brazilian dairy industry (43), and this isolate was used for assessing biocide 291 effect on biofilm containing S. aureus (including the MIC assay). It was rationalized that the associate 292 microbial community members isolated from the sample containing S. aureus BZ012 would be suitable for 293 any S. aureus dairy isolates and therefore they were also used as community members with the S. aureus 294 Sa30 isolate in the biocide susceptibility experiments.
295
Isolates were grown on Brain-Heart Infusion (BHI) broth (Oxoid), BHI agar (BHI broth, 1.5% agar, was assessed by MIC assay as mono-culture and mixed-culture (with the four associated microorganisms).
359
The MIC assay was also done for the individual community members following the same protocol. Overnight 360 cultures were adjusted to OD 600nm = 0.02 in BHI and 100 µl were dispensed into wells (96-well, round-361 bottom microtiter plate, Thermo Scientific, MA, USA) containing 100 µl of a serial dilution of each biocide.
362
Final biocide concentrations tested started at 4.8 % and decremented by 2 up to 13 times for peracetic acid 363 and at 0.05 % and decremented by 2 up to 9 times for chlorhexidine digluconate. The MIC was determined 364 after incubation for 24 h at 25°C, shaking at 90 rpm and was determined as the minimum concentration 365 inhibiting growth.
366
Biocide treatment of mature biofilm on stainless steel coupons. After development of mature mono-or 367 mixed-five-species biofilms, sessile cells were subjected to disinfection treatment. SSC were washed two 368 times in 2 mL NaCl 0.9 % containing plates (6-well plate, Nunc, Denmark) and then immersed in a 2 mL 369 NaCl 0.9 % solution at the selected biocide concentrations. Biocide treatment was stopped after 20 min of 370 exposure (70) at 25°C, shaking at 90 rpm by transferring the SSC to 2 mL of Dey-Engley neutralizing broth.
371
Then, the SSC was sonicated for 2 min in the neutralizing solution and enumeration was performed as 372 described above. 
